The Grignard reaction of 2,3-O-isopropylidene-α-D-lyxo-pentodialdo-1,4-furanoside and benzylmagnesium chloride (or bromide) afforded a non-separable mixture of diastereomeric benzyl carbinols and diastereomeric o-tolyl carbinols. The latter resulted from an unexpected benzyl to o-tolyl rearrangement. The proportion of benzyl versus o-tolyl derivatives depended on the reaction conditions. Benzylmagnesium chloride afforded predominantly o-tolyl carbinols while the application of benzylmagnesium bromide led preferably to the o-tolyl carbinols only when used in excess or at higher temperatures. The structures of the benzyl and o-tolyl derivatives were confirmed unambiguously by NMR spectral data and X-ray crystallographic analysis of their 5-ketone analogues obtained by oxidation of the corresponding mixture of diastereomeric carbinols. A possible mechanism for the Grignard reaction leading to the benzyl→o-tolyl rearrangement is also proposed.
Introduction
One of the most popular synthetic routes leading to the formation of simple alkyl or aryl branched-chain sugars involves the addition of Grignard reagents. In this regard, a wide variety of Grignard reagents have been added to the free or masked (as hemiacetal) carbonyl functionalities present in the molecule of a suitable fully O-protected saccharide, thereby making possible the preparation of a series of useful carbohydrate derivatives [1] [2] [3] [4] [5] [6] [7] [8] . Despite the demonstrable advantages of the Grignard reaction, there remain, in addition to the recognised drawbacks, some new unexpected impediments limiting its application in the synthesis of branched carbohydrates.
In the context of our studies on the synthesis of sugar amino acids structurally related to iminosugar mannojirimycin (a strong inhibitor of α-mannosidase), we have recently prepared, by applying the Grignard reaction, several branched sugar carbinols as intermediates for subsequent oxidation to ketones affording the corresponding hydantoins (precursors of amino
Results and Discussion
Although 1 and 2 have frequently been used for the introduction of the benzyl group into a carbohydrate molecule [12] [13] [14] [15] [16] [17] [18] , the benzyl→o-tolyl rearrangement has, to the best of our knowledge, only been reported once. In this regard, Panigot and Curley [19] showed that the reaction of 1 with 2,3,4,6-tetra-Oacetyl-α-D-glucopyranosyl bromide (or chloride) produced a 3:1 mixture of 2-(β-D-glucopyranosyl)toluene and (β-Dglucopyranosyl)phenylmethane isolated as the corresponding 2,3,4,6-tetra-O-acetates. However, this is not a case of the typical Grignard reaction where the Grignard reagent is coupled with a carbonyl compound. Moreover, the anomeric position was involved in the reaction and there was an important limitation: the formation of the unexpected o-tolyl rearrangement product entailed the participation of both of the equatorially disposed 2-and 6-acetoxy groups present in the substrate. The non-acetylated substrates (like O-benzyl) afforded solely nonrearranged benzyl derivatives. Our results represent the situation where the benzyl→o-tolyl rearrangement occurs during the Grignard reaction between 1 or 2 and the non-anomeric free aldehyde function (C-5 position of the furanose) of an O-alkyl (methyl and isopropylidene)-protected carbohydrate.
First, the addition reaction of aldehyde 3 with 1 under the standard Grignard reaction conditions (method A, see Experimental part) was examined. Based on the NMR spectral data of the isolated product, a mixture of 5-(R) and 5-(S) o-tolyl derivatives 4 and 5 together with a mixture of 5-(R) and 5-(S) benzyl derivatives 6 and 7 (Scheme 1) in the ratio of approximately 3:1 was confirmed, indicating the substantial predominance of the benzyl→o-tolyl rearrangement. In the subsequent experiments (methods B-E), the influence of the reaction conditions (temperature, reactants ratio, solvent, sequence of reactants addition) was examined, with the aim of suppressing the formation of the rearranged products 4 and 5. As the preliminary experiments revealed that the addition of a solution of Grignard reagent 2 into a solution of the carbohydrate aldehyde 3 (i.e., reverse addition of reactants) in the mole ratio of 1.3:1 had some positive effect in respect of the yield (but not of the proportion of isomers) of the Grignard reaction products, we applied these parameters in subsequent experiments. It was found that the application of 2 instead of 1 also afforded a mixture of o-tolyl and benzyl carbinols but their proportion was dependent on the reaction conditions (see Table 1 and Table 2 ). The mixture of diastereomeric carbinols 6 and 7 resulted as a main product of the "normal" Grignard reaction only at lower temperature without excess of 2. Only a minor positive effect on the formation of "normal" addition products 6 and 7 was observed using 2-methyltetrahydrofuran as a solvent as well as the addition of an equivalent of CeCl 3 ·2LiCl in THF to the reaction mixture, although it is known that the application of these reagents favours the addition of Grignard reagents to carbonyl compounds to afford higher yields [20] [21] [22] . Since all attempts to separate and purify carbinols 4-7 using column chromatography were unsuccessful even after acetylation, their physical and spectral data are not given here in detail. In this regard, the ratio of the R and S isomers thus formed has not been studied. However, based on the NMR data (signals for methyl and methylene group of o-tolyl and benzyl group, respectively) of the isolated crude mixture of products 4-7, it was possible to determine the relative ratio of o-tolyl and benzyl isomers. Finally, for the separation of o-tolyl isomer from benzyl isomer, a mixture of all four chromatographically nonseparable isomeric alcohols 4-7 was oxidised using PDC, thereby destroying the chiral center at C-5 position of the saccharide moiety, to afford a mixture of the two corresponding crystalline ketones 8 and 9. These were successfully separated and purified using column chromatography and recrystallisation. Their structures were established on the basis of 1 H and 13 C NMR spectral data. The EI mass spectra and the data of elemental analysis were also confirmative. The singlet signal observed for the H1 atom strongly supports the α-configuration at the anomeric atom C1 with the equatorially positioned H1 and H2. A singlet (three protons) at δ = 3.91 and a singlet (two protons) at δ = 2.48 clearly indicate the methyl (in o-tolyl) and methylene (in benzyl) groups, respectively. Finally, the o-tolyl structure and benzyl structure of the moieties at C-5 atom of ketone 8 ( Figure 1 ) and ketone 9 ( Figure 2 ), respectively, (the numbering of the atoms is in accordance with the numbering recommended by the IUPAC Nomenclature of Carbohydrates [23] ) was unambiguously confirmed by singlecrystal X-ray analysis.
The formation of o-tolyl isomers 4 and 5 can be explained by the possible reaction sequence (path 1) depicted in Scheme 2. The first step involves an addition of the Grignard reagent to the saccharide aldehyde, producing a trienic magnesium alkoxide intermediate A (magnesium salt of 2-R-hydroxymethyl-1-methylene-1,2-dihydrobenzene, where R is the saccharide moiety) which, upon quenching with aqueous NH 4 Cl, affords (via an intermediate B) the corresponding o-tolyl isomer (a mixture of diastereomeric alcohols 4 and 5). A similar mechanism was proposed [24, 25] for the reaction of 1-naphthylmethylmagnesium chloride (10) with some aldehydes and ketones (Scheme 3). However, in this case, a trienic magnesium alkoxide intermediate E (magnesium salt of 2-hydroxymethyl-1-methylene-1,2-dihydronaphthalene, an analogue of intermediate A in Scheme 2, path 1), produced by an addition of the Grignard reagent 10 to the monomeric formaldehyde (11, R 1 = R 2 = H), was unstable and decomposed by a reversible process into the Grignard reagent and aldehyde. The latter underwent a Prins-type reaction with the magnesium alkoxide intermediate E in the presence of MgCl 2 , to give magnesium salt G which, upon quenching with aqueous NH 4 Cl, affords 1-(2-hydroxyethyl)-2-hydroxymethylnaphthalene H (an analogue of diol D in Atomic displacement ellipsoids are drawn at 50% probability level and H atoms are shown as small spheres of arbitrary radii.
Scheme 2, path 2) and 1-methylnaphthalene (12) . On the other hand, the reaction of 10 with ketones produced either normal benzylic alcohols, rearranged alcohols or a mixture of both, depending on the steric hindrance. However, the rearranged alcohols representing 1-methylene-2-substituted-1,2-dihydronaphthalenes F (analogues of intermediate B in Scheme 2) were unstable and decomposed to 1-methylnaphthalene (12) and the starting ketone 11 without the formation (via an intermediate F) of 1-methyl-2-substituted-naphthalenes I, analogues of o-tolyl derivatives 4 and 5 (Scheme 2, final step of path 1), which were in present study, by contrast, isolated as stable products. Moreover, path 2 in Scheme 2 can be excluded, since no diols of type C (analogues of diols H in Scheme 3) were detected in the reaction mixture.
Scheme 2:
Proposed mechanism for Grignard reaction leading to benzyl→o-tolyl rearrangement (path 1). R = saccharide moiety; a = NH 4 Cl, H 2 O.
Scheme 3:
Proposed mechanism [24, 25] for Grignard reaction leading to 1-naphthylmagnesiumchloride→1-methylnaphthalene rearrangement. R 1 , R 2 = H, alkyl, cycloalkyl, phenyl, benzyl; a = NH 4 Cl, H 2 O.
To extend and confirm these observations, the analogous addition of 1 as well as 2 to another two representative carbohydrate aldehydes -3-O-benzyl-1,2-O-isopropylidene-α-D-xylopentodialdo-1,4-furanose and 1,2:3,4-di-O-isopropylidene-α-Dgalacto-hexodialdo-1,5-pyranose were investigated next. Unfortunately, only very complex reaction mixtures (including diatereomeric carbinols, biphenyl, polymeric impurities, etc.) resulted under the above reaction conditions. However, analysis of the NMR spectral data of these mixtures showed the absence of CH 3 protons of the o-tolyl moiety, indicating that the benzyl→o-tolyl rearrangement did not occur in these cases; accordingly, no further detailed inspections of the reaction mixtures were performed.
X-ray analysis
Single crystals (stable at ambient temperature) suitable for X-ray diffraction were obtained by the slow crystallisation of 8 and 9 from MeOH by cooling in a refrigerator. The preliminary orientation matrices and final cell parameters were obtained using Siemens SMART and Siemens SAINT software [26] . The data were empirically corrected for absorption and other effects using the SADABS program [27] based on the method of Blessing [28] . The crystal and experimental data for 8 and 9 are summarised in Table 3 and Table 4 . The structure was solved by direct methods and refined by full-matrix least-squares on all F 2 data using Bruker SHELXTL [29]. The non-H atoms were refined anisotropically. All the hydrogen atoms were constrained to the geometrically idealised positions using an appropriate riding model. Molecular graphics were obtained using the program DIAMOND [30]. Based on the calculated values of the ring-puckering parameters (Q, Φ, θ) [31] (Table 5 ) and relevant torsion angles (Table 6 ), the conformations of the five-membered O4-C1-C2-C3-C4 furanose ring and the five-membered 1,3-dioxolane ring (O2-C2-C3-O3-C14) in compounds 8 and 9 were established. It was found that the furanose ring in 8 adopted the O E ( O4 E) conformation distorted significantly to the O T 1 ( O4 T C1 , twisted on O4-C1, O4-endo) direction. The conformation of the five-membered 1,3-dioxolane ring in 8 can be described as a 4 E ( C14 E) shifted significantly to the 4 T O ( C14 T O2 , twisted on C14-O2, C14-endo) direction. Regarding compound 9, an inspection of the relevant data revealed an almost perfect O E ( O4 E) conformation of the furanose ring and the E 4 (E C14 ) conformation distorted significantly to the O T 4 ( O2 T C14 , twisted on O2-C14, C14-exo) direction of the 1,3-dioxolane ring. 
Conclusion
In summary, various reaction conditions were employed for the synthesis of carbinols 4-7 from Grignard reagent 1 (or 2) and sugar aldehyde 3. Depending on the reaction conditions, the ratio of o-tolyl carbinols 4 and 5 (products of the benzyl→o-tolyl rearrangement) versus non-rearranged benzyl carbinols 6 and 7 varied from 3:1 to 1:3 (based on the isolated o-tolyl and benzyl ketones 8 and 9, respectively). It seems that the benzyl→o-tolyl rearrangement is specific for 2,3-O-isopropylidene-α-D-lyxo-pentodialdo-1,4-furanoside because no rearrangement was observed when 3-O-benzyl-1,2-O-isopropylidene-α-D-xylo-pentodialdo-1,4-furanose and 1,2:3,4-di-O-isopropylidene-α-D-galacto-hexodialdo-1,5-pyranose were used as starting sugar aldehydes. The structures of o-tolyl and benzyl derivatives 8 and 9 were unambiguously confirmed by X-ray crystallographic analysis. Compounds 8 and 9 represent profitable synthetic blocks for the synthesis of structurally modified iminosugars and sugar moiety-containing heterocycles, amino acids, etc.
Experimental
Reagents and apparatus: The starting methyl 2,3-O-isopropylidene-α-D-lyxo-pentodialdo-1,4-furanoside was prepared according to a recognised method [32, 33] . Benzylmagnesium chloride (1) and benzylmagnesium bromide (2) solutions (1 M in diethyl ether) and the other reagents and solvents were commercially available products and were used as received. Melting points were determined using a Boetius PHMK 05 microscope. Specific rotations were determined on a Jasco P-2000 digital polarimeter. Microanalyses were performed on a Fisons EA 1108 analyser. The 1 H and 13 C NMR spectra (in (30 mL) was added dropwise into benzylmagnesium chloride (1, 1.0 M solution in diethyl ether, 13 mL, 13 mmol) at ambient temperature in the course of 30 min. Subsequently, the mixture was stirred and heated under reflux for 3 h. After cooling, it was poured into a saturated NH 4 Cl solution pre-cooled to 5 °C. The organic layer was separated and the aqueous layer was extracted with diethyl ether (3 × 50 mL). The combined organic layers were dried (Na 2 SO 4 ), filtered and evaporated under reduced pressure to give a crude oily product which was purified on a column of silica gel using EtOAc/hexane 1:4 as an eluent, affording a mixture of alcohols 4-7 (R f = 0.44, 0.62 g, 21%).
Method B:
Benzylmagnesium bromide (2, 1.0 M solution in diethyl ether, 13 mL, 13 mmol) pre-cooled to −5 °C was added dropwise to a magnetically stirred solution of aldehyde 3 (2.02 g, 10.0 mmol) in diethyl ether (30 mL) under cooling at −25 °C in the course of 30 min. Subsequently, the mixture was stirred at ambient temperature for an additional 1.5 h and poured into a saturated NH 4 Cl solution pre-cooled to 5 °C. The organic layer was separated and the aqueous layer was extracted with diethyl ether (3 × 50 mL). The combined organic layers were dried (Na 2 SO 4 ), filtered and evaporated under reduced pressure to give a crude oily product which was purified on a column of silica gel using EtOAc/hexane 1:4 as an eluent, affording a mixture of alcohols 4-7 (R f = 0.44, 1.37 g, 46%). .0 mmol) in CH 2 Cl 2 (25 mL) was added dropwise to a magnetically stirred solution of pyridinium dichromate (PDC, 2.45 g, 6.5 mmol) and acetic anhydride (1.3 mL) in CH 2 Cl 2 (25 mL) under cooling in an ice-water bath followed by heating under reflux for 3 h. The greater part of CH 2 Cl 2 was evaporated and the chromic salts were precipitated by the addition of a mixture of EtOAc/hexane 1:1. After filtration and evaporation of the solvents under reduced pressure, the product thus obtained was purified on a column of silica gel using EtOAc/hexane 1:4 as an eluent, affording ketone 8 (R f = 0.6) and ketone 9 (R f = 0.7) with a total yield of 94-96% (percentage of 8 and 9 together in oxidation step). These were recrystallised from methanol. The overall isolated yields of 8 and 9 (depending on the method used for preparation of the starting mixture of alcohols 4-7) from two reaction steps (Grignard reaction and PDC oxidation) starting from 10 mmol of aldehyde 3 are summarised in 
